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Do these experiments finally solve the mysterious
antigen-transfer step that underlies the phagosome-
to-cytosol pathway of cross-presentation? They certainly
provide support for a very plausible model (Figure 1).
However, although the experiments clearly show a role
for Sec61 in the cross-presentation of soluble protein,
they do not resolve whether Sec61 is acting in the
phagosome or in the ER. This is because internalized
soluble proteins can be transported retrogradely
through the secretory pathway to the ER (Ackerman
et al., 2005), where they might also be transferred
through Sec61 to the cytosol. Moreover, the Sec 61
mechanism does not easily explain some previous ob-
servations. Specifically, in the X-ray crystal structure of
Sec 61 from M. jannaschii, the protein translocation
channel is only 5–8 A˚ in diameter (Van den Berg et al.,
2004) yet gelonin, peroxidase, and luciferase (proteins
of 30–60 kDa with expected hydrodynamic radii >30 A˚)
are transferred out of phagosomes in intact (i.e., enzy-
matically active) form. These observations suggest that
there could be additional mechanisms that transfer mol-
ecules out of phagosomes. Alternatively, perhaps the
Sec61 channel can widen, as suggested by earlier esti-
mates of up to a 40 A˚ pore, and/or proteins are trans-
ported in an unfolded state and renatured in the cytosol.
Other unresolved questions remain. Ackerman et al.
(2006) provide strong evidence supporting the contro-
versial hypothesis that ER components are present in
phagosomes. This resurrects the initial idea that phago-
somes containing TAP and MHC class I molecules, etc.
may be largely self-contained antigen-presenting or-
ganelles (Figure 1). These vacuoles can import peptides
generated in the cytosol through TAP, and if these were
made by proteasomes associated with their membrane,
the process might be very efficient. However, the
question remains as to whether class I molecules
predominately acquire cross-presented peptides in
the ER and/or phagosomes (Figure 1). Also unresolved
is how phagosomes acquire the ‘‘ER components’’—is
this by fusion with the ER or some other mechanism(s)?
Finally, we don’t understand what determines whether
an antigen is cross-presented by the phagosome-to-
cytosol pathway versus the cathepsin S-vacuolar path-
way. Thus, Ackerman et al. (2006) have added a piece
to the puzzle of cross-presentation, but maybe not the
final one.
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525Toll-like Receptors Keep
Antigen Sorting on the Right Track
In this issue of Immunity, Yarovinsky et al. (2006) pro-
vide new in vivo insights into the concept that antigen
recognition by TLR is more than APC costimulation
and regulates antigen processing and presentation
to create specific microbial immunity.
One of the enigmas in immunology is how the immune
system manages to maintain nonresponsiveness
against the self during the generation of a neutralizing
immune response against pathogens. The prevailing
concept that pathogens relay danger signals via Toll-like
receptors (TLRs) and that this leads to the maturation of
antigen-presenting cells (APCs) to an immunogenicstate is not completely satisfactory because it does not
explain why immunity against coingested self-antigens
does not occur. A much more satisfactory concept al-
ready proposed by Matzinger (Matzinger, 2002) is that
APCs sort antigens into an immunogenic or pathogenic
route on the basis of the presence or absence of danger
signals. However, molecular insights into the basis of
the sorting mechanism has been sketchy thus far.
The discovery of TLRs as pattern-recognition recep-
tors that regulate both innate and adaptive immunity
was the beginning of our understanding of how dendritic
cells (DCs) might discriminate between self and non-self.
The large set of TLRs now cloned recognize highly con-
served chemical structures present on proteins, nucleic
acids, carbohydrates, and lipids. The key characteristics
that distinguish individual TLRs are ligand specificity,
signal-transduction pathways, expression profiles, and
subcellular localization. A common property of TLR
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and induction of proinflammatory cytokines as well as
upregulation of costimulatory molecules to initiate im-
mune responses. TLRs are thought to be important for
inducing DC maturation and migration to lymphoid tis-
sues, where DCs efficiently present captured antigens
to naı¨ve T cells (Steinman et al., 2003). Other receptor
families, such as C-type lectins and scavenger recep-
tors, are thought to be necessary for actual binding and
internalization of antigens by DC for optimal loading of
antigens on MHC molecules present in intracellular com-
partments. In contrast to antigen recognition by TLRs,
recognition of antigen by these receptor families does
not induce DC maturation (Steinman et al., 2003). How-
ever, recent studies demonstrate that TLRs might do
more than induce DC maturation. These studies suggest
they may also play a role in antigen processing and pre-
sentation, whereas other receptor families, such as the
antigen-uptake receptors, can also contribute to TLR-
induced signaling (Brown, 2006).
Still, this does not explain how the simultaneous up-
take of self and pathogenic antigens discriminates
between immune activation against pathogens and tol-
erance against the self. Blander and Medzhitov have
recently demonstrated that activation of the TLR signal-
ing pathway by bacteria, but not by apoptotic cells,
regulates phagocytosis at the level of internalization
and phagosome maturation (Blander and Medzhitov,
2004). Enhanced mobilization of the actin cytoskeleton
was reported as a result of TLR activation, which en-
hanced antigen processing and presentation by DC
(West et al., 2004). More recently, Blander and Medzhi-
tov found that an efficient antigen-specific CD4+ T cell
response is induced only when the TLR agonist and an-
tigen are present on the same particle and internalized
into the same endocytic compartment (Blander and
Medzhitov, 2006). It was proposed that a TLR-based
mechanism of discriminating phagosomal content en-
sures that upon simultaneous phagocytosis of self and
non-self antigens, self antigens are excluded from anti-
gen presentation by MHC class II in a strictly phago-
some-autonomous manner. Although in vitro data dem-
onstrated that antigen recognition via TLRs directly
affected DC antigen presentation, the relevance for the
regulation of CD4+ T cell activation in vivo was unclear.
Now, in this issue of Immunity, elegant work from the
group of Alan Sher (Yarovinsky et al., 2006) provides
in vivo evidence that the intrinsic TLR11-activating
property of the Toxoplasma gondii antigen profilin is
essential for efficient antigen presentation by DCs. Pro-
filin is an immunodominant antigen in infection, and this
selective responsiveness requires both TLR signaling
and MHC recognition to act in cis at the level of DCs.
The authors show that TLRs, rather than only relaying
maturation signals to DC, are responsible for the sorting
of antigens for MHC class II presentation (Figure 1).
In earlier studies, the authors had identified profilin as
a TLR11 ligand that selectively activated the CD8a+ DC
subset (Yarovinsky et al., 2005). They hypothesized that
profilin might be more immunogenic than other antigens
because of this TLR11-activating property. Indeed,
CD4+ T cells from mice immunized with a complex mix-
ture of parasite extract (STAg) selectively recognize
T. gondii profilin. Using TLR11- as well as MyD88-deficient mice, they now show that the immunogenicity
of profilin depends on both its recognition by TLR11 and
the activation of the MyD88-mediated intracellular sig-
naling pathway. Using bone-marrow chimeras that lack
MyD88 and/or MHC class II, the authors demonstrate
that for the specific response against STAg recall or
profilin recall, both MHC class II and MyD88 are neces-
sary, and its requirement is intrinsic to the APC itself
becauses it does not rely on the expression of the adap-
tor molecule in unrelated cells in the host environment.
These experiments clearly indicated that the MyD88
requirement is dependent on the expression of TLRs
on the same cells that present the antigen and is not
simply a result of potent systemic TLR-dependent cyto-
kine responses triggered by profilin. Ex vivo assays
demonstrate thatantigen presentation of profilin was lim-
ited to the CD8a+ subset and dependent on both TLR11
and MyD88, suggesting that TLR regulation of the
immune response occurs primarily at the level of the
CD8a+ DC. This was supported by infection data showing
that DCs from MyD88-deficient mice, as opposed to wild-
type mice, infected with parasites were highly defective
in a profilin-specific CD4+ T immune response.
Moreover, using Alexa 488-labeled profilin, the au-
thors confirm that the fluorescent profilin was taken
up by CD8a+ DC in vivo. Antigen uptake was completely
dependent on TLR11 and MyD88, illustrating that both
TLR binding and signaling regulate uptake of profilin.
These data strongly suggest that TLR recognition influ-
ences selection by DCs in vivo. In the absence of spe-
cific TLR and MyD88 signaling, DCs showed impaired
uptake of bacteria.
Figure 1. TLR11RecognitionRegulatesAntigenPresentationofProfilin
Profilin interacts with TLR11, inducing the MyD88-signaling path-
way. This results in selective uptake and efficient antigen processing
and presentation in MHC Class II complexes. Simultaneously,
MyD88 activation induces cytokine secretion and upregulation of
costimulatory molecules, ensuring efficient immune activation by
dendritic cells. Self antigens end up in different antigen-processing
compartments as a result of a lack of TLR activation.
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depends both in vitro and in vivo on its recognition by
TLR11 and generation of MyD88-dependent signaling,
which result in enhanced uptake of the protein in
CD8a+ DCs. Surprisingly, in vitro stimulation of profi-
lin-specific CD4 T cells by DCs appeared to be only par-
tially dependent on TLR11 and MyD88 expression on
DCs because higher concentrations of profilin over-
came the requirement for both TLR11 and MyD88.
The most striking illustration of the immunodomi-
nance of profilin to induce specific CD4 T cell responses
was demonstrated when profilin was fused to OVA to
create a chimeric antigen that targets TLR11. Strong
anti-OVA-specific responses were only observed when
OVA was linked directly to profilin and not when both
were simultaneously injected. These findings indeed
prove that physical linkage of antigens to TLRs leads
to strong immune responses, presumably by initiating
MyD88-dependent signaling that regulates trafficking
to specific lysosomal compartments that may favor an-
tigen processing and presentation on MHC class II. Sim-
ilar results were obtained when OVA was coupled to the
TLR9 ligand CpG. Other bacterial proteins have been
also demonstrated to contain a TLR-targeting immuno-
dominant antigen, such as bacterial flagellin, recog-
nized by TLR5, which induces a strong CD4+ T cell
response to Salmonella typhimurium (Hayashi et al.,
2001). Thus, immunodominance of antigens might be
due to their intrinsic TLR-activating properties.
Although data demonstrate that TLR-dependent sig-
naling is required for efficient antigen processing and
presentation, the mechanism by which TLR11 signaling
is involved is unclear. More studies will be necessary to
identify the cellular components of this sorting machin-
ery regulated by TLRs. Yarovinsky et al. (2006) demon-
strate that profilin is taken up by only 2% of the CD8a+
DC subset in vivo, but in vitro binding assays will be
needed to prove unequivocably that TLR11 is needed
for actual profilin binding as well as uptake. TLR11
might be essential for phagosome maturation, as Blan-
der et al. (Blander and Medzhitov, 2006) found by using
LPS-coated particles. Further research will also beImmunity 25, October 2006 ª2006 Elsevier Inc. DOI 10.1016/j.immuni.2006.0
The Bug in MyD88 Dependency
The contribution of MyD88 adaptor-mediated signal-
ing in immune responses to fungi is largely unex-
plored. In this issue of Immunity, Rivera et al. (2006)
show that MyD88 is dispensable in several aspects
of dendritic-cell trafficking and T cell differentiation
in response to a respiratory fungus.
Upon entry into the body, pathogens and their products
induce changes in the cells they encounter. These
alterations are crucial to set off immune defenseneeded to understand how antigen uptake by classical
uptake receptors such as scavenger receptors and
C-type lectins influences TLR-mediated antigen uptake,
signaling, and intracellular sorting routes.
It will be interesting to determine whether additional
pathogens contain components that intrinsically acti-
vate TLR and that target TLR for both DC maturation
and enhancement of antigen presentation. This selec-
tive antigen presentation might be more generalizeable,
and studies will have to demonstrate whether this
mechanism of biasing CD4+ T cell responses is benefi-
cial to the host or to the pathogen. Certainly, the use
of antigens with intrinsic TLR activity to induce strong
induction of immune responses will be very attractive
in a clinical setting, where they could be used to achieve
strong CD4-mediated immune responses.
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mechanisms that result in either the eradication of the
pathogen or the establishment of a state of pathology-
free pathogen-host coexistence. Both tissue cells, such
as epithelial cells, and resident cells of the immune sys-
tem, such as dendritic cells (DCs) and macrophages,
express pathogen-recognition receptors that enable
them to respond to a variety of intruders. Members of
the Toll-like receptor (TLR) family form an important
class of these receptors and have been shown to be in-
volved in the induction of both innate and adaptive
immune responses. Microbial agents, such as the
TLR4 ligand lipopolysaccharide (LPS), initiate not only
the migration of resident DC to the tissue-draining
lymph nodes, where they can meet T cells, but also their
